We report on a theoretical study and experimental characterization of coherent population trapping (CPT) resonances in buffer gas-filled vapor cells with push-pull optical pumping (PPOP) on Cs D1 line. We point out that the push-pull interaction scheme is identical to the so-called lin⊥lin polarization scheme. Expressions of the relevant dark states, as well as of absorption, are reported. The experimental setup is based on the combination of a distributed feedback (DFB) diode laser, a pigtailed intensity Mach-Zehnder electro-optic modulator (MZ EOM) for optical sidebands generation and a Michelson-like interferometer. A microwave technique to stabilize the transfer function operating point of the MZ EOM is implemented for proper operation. A CPT resonance contrast as high as 78 % is reported in a cm-scale cell for the magnetic-field insensitive clock transition. The impact of the laser intensity on the CPT clock signal key parameters (linewidth -contrastlinewidth/contrast ratio) is reported for three different cells with various dimensions and buffer gas contents. The potential of the PPOP technique for the development of high-performance atomic vapor cell clocks is discussed.
I. INTRODUCTION
In Coherent Population Trapping (CPT) physics [1, 2] , atoms are trapped through a destructive quantum interference process into a non-interacting coherent superposition of two long-lived ground state hyperfine levels. Under ideal conditions (isolated three-level scheme, no ground-state decoherence), this so-called dark state, obtained by simultaneous action of two resonant optical fields exactly frequency-split by the atomic ground state hyperfine frequency, is fully decoupled from the excited state. In this particular state is observed through electromagnetically induced transparency (EIT) [3] a narrow peak in optical transmission. The CPT resonance linewidth is limited by the atom-light interaction time and can be measured to be of a few tens to hundreds of Hz [4, 5] . CPT resonance lineshapes and properties have been widely investigated for precision sensing in view of applications in high-resolution spectroscopy, magnetometers [6, 7] , laser cooling [8] , slow light [9] or quantum frequency standards [10] .
The short-term frequency stability σ y (τ ) of an atomic clock, described by the Allan deviation [11] , is given by:
where ν 0 is the clock frequency (9.192 631 770 GHz for the unperturbed Cs atom), ∆ν is the clock resonance fullwidth at half maximum (FWHM), SNR is the clock resonance signal-to-noise ratio in a 1 Hz bandwidth and τ is the averaging time of the measurement. We define as the clock resonance contrast C the ratio between the CPT signal height and the CPT signal background. A simplified expression of the signal to noise ratio, where photon shot noise is the only noise source considered, is given in [12] by:
where P out is the optical power at the output the cell and hν is the energy of a single photon.
The development of a high-frequency stability atomic clock requires to detect a narrow atomic resonance with the highest signal to noise ratio. In traditional vapor cell clocks based on CPT, atoms are probed using two circularly polarized optical fields as shown on Fig. 1(a) . This interaction scheme leads numerous atoms to be concentrated at the extreme Zeeman magnetic sub-levels with the highest angular momentum m F [13] . Consequently, only a small fraction of atoms participate to the magnetic field insensitive clock transition resulting in CPT resonances with very low contrast of about 1 %. Higher contrasts on the clock transition are achieved by increased laser power but at the expense of laser power broadening. Therefore, traditional CPT clocks typically operate with low laser intensities to minimize the linewidth-SNR ratio and to optimize the clock frequency stability.
Different optimized CPT pumping schemes were proposed to optically pump the maximum number of atoms into the dark state out of any other trap state and consequently increase dramatically the CPT resonance contrast. Y. Jau et al. proposed the push-pull optical pumping (PPOP) scheme (see Fig. 1(b) ) where atoms interact with a D 1 line resonant bi-chromatic optical field separated into right and left circularly polarized sub-beams, with a sub-beam delayed with respect to the other by a half period of the hyperfine transition [14] . The resulting light beam can be seen as alternating between the states of right and left circular polarization. The two frequencies differ by the ground state hyperfine splitting. This scheme, called a double Λ scheme, prevents the pumping of the atoms in an extreme Zeeman sub-level trapping state. These experiments were done on a Rb vapor cell and contrasts up to 30 % were reported. Push-pull optical pumping was later used in an elegant mode-locked laser atomic oscillator where a K vapor cell, inserted in the external cavity of a semiconductor diode laser, acts as an optical modulator and causes the laser to be self-modulated at the clock transition frequency of the atoms [15] . Recently, Zhang et al. reported results obtained with PPOP using an original experimental set-up [16] . In 2005, T. Zanon et al. demonstrated the detection of increased CPT resonance contrasts in Cs vapor with a so-called lin⊥lin double Λ interaction scheme using two linear orthogonally polarized optical lines [17] (see Fig. 1(b) ). CPT contrasts higher than 50 % were obtained using this technique [18] , allowing by combination with a Ramsey-type pulsed sequence to reach a CPT clock frequency stability better than 7 × 10 −13 at 1 s [19] . Recently, efforts have been done in different groups to realize this lin⊥lin interaction scheme with a single laser source and simplified set-ups [20] [21] [22] .
Another optimized CPT pumping method based on the use of a σ + − σ − configuration of polarized counterpropagating waves resonant with D 1 line of alkali metal atoms in small-size cells was proposed in [23] . This scheme is equivalent to the PPOP, but the phase condition between both beams requires a particular place of the cell along the beams and a cell length small compared to the microwave wavelength. The same group proposed the lin||lin interaction scheme, using bichromatic linearly polarized light, in order to increase significantly the contrast of dark resonances on the D 1 line of alkali atoms with nuclear spin I = 3/2 [24] . A prototype atomic clock based on this configuration in Rb atomic vapor was developed in [25, 26] . The method was also implemented with alkali atoms of large nuclear spin (Cs atom: I = 7/2) and demonstrated a CPT constrast of about 10 % [27] . However the lin||lin configuration does not create a dark state between m F = 0 Zeeman sublevels, but between m F = ±1 sublevels of both hyperfine levels (see section II B 3). This paper reports detailed characterization of CPT resonances in buffer gas-filled Cs vapor cells using Push-Pull Optical Pumping. While most of the above-cited literature is mainly focused on the CPT clock resonance contrast, further investigations are reported here on the clock signal key parameters including linewidth, contrast and linewidthcontrast ratio for three different cells. Section II reports a basic theoretical analysis on the push-pull optical pumping process. The equivalence between the phase delay between two bi-chromatic circularly polarized beams and the angle between the polarization vectors of two monochromatic linearly polarized beams is shown. It is demonstrated that PPOP and lin⊥lin schemes are similar processes. Details on the dark states and absorption equations are described. Section III describes the experimental set-up used to detect CPT resonances with PPOP on the Cs D 1 line at 895 nm. The key component for the generation of CPT optical sidebands is an external LiNbO 3 pigtailed intensity Mach-Zehnder electro-optic modulator (MZ EOM). An original microwave stabilization technique of the MZ EOM transfer function operating point is implemented and described. Section IV reports experimental results including main characteristics of the CPT resonance lineshape for three different cells versus the laser intensity. Contrasts up to 78 % are reported in a centimetre-sized Cs vapor cell. Section V discusses about the potential of the PPOP technique for the development of high-performance CPT atomic clocks.
II. THEORETICAL ANALYSIS

A. Pumping waves
The principle of push-pull CPT interaction is shown on Fig. 1(b) . Push-pull interaction scheme uses two sets of circularly polarized fields, rotating in opposite directions, propagating along the z axis. Each set contains two frequencies ω 1 and ω 2 ; one set is phase delayed with respect to the other one. The right-handed circularly polarized beam, − → E r , and the left-handed circularly polarized one − → E l , can be written using the Jones vectors [28] :
The two sets of circularly polarized waves exhibit a beat note at the angular frequency (ω 1 − ω 2 )/2, phase shifted relative to each-other by:
with λ mw the wavelength of the microwave wave of angular frequency (ω 1 − ω 2 ).
When the terms of same frequency are grouped together, we get:
Equations (7) represent linearly polarized waves of angle −ϕ/2 and −ϕ ′ /2, respectively, with the x axis. The angle between both polarization vectors is:
Then
with p an integer.
Here, we demonstrate that the push-pull scheme is identical to two linearly polarized waves of angular frequencies ω 1 and ω 2 respectively. Their polarization vectors form an angle θ = π∆z/λ mw , depending on the path difference ∆z. If the path difference is realized in a Michelson interferometer like in [14] , it is worth to note that a displacement δz of a mirror in one arm of the interferometer yields a path difference 2δz. Then, the angle between polarization vectors increases from 0 to π/2 for a displacement δz = λ mw /4. This angle is equal to the phase shift between the two beat-notes of eq. (5), which are in phase and in quadrature when θ = 0 and θ = π/2, respectively. Finally, we point out that the push-pull scheme is identical to the lin⊥lin scheme of [17] when θ = π/2.
B. Dark States
Interaction Hamiltonian
As the push-pull scheme is equivalent to two linear polarized fields with an angle θ between them, we consider now this last case. The same calculation can be performed with circular polarizations. Let's assume two waves copropagating along the z axis, − → E 1 parallel to x axis, and − → E 2 forming an angle θ with the x axis.
with
We used the standard basis, defined as:
The interaction Hamiltonian between the atoms and the electromagnetic fields is the dipole interaction Hamiltonian:
where − → D is the electric dipole operator. The operators V 1 , V 2 are equal to:
where D + and D − are the standard components of D such as:
. We consider a four-level atom, two hyperfine levels of the ground state with quantum magnetic number m = 0, |1 and |2 , and two Zeeman sublevels |3 and |4 in the excited state, with m = −1 and m = +1 respectively (see Fig.1(b) ). The field − → E 1 (t) is resonant with the transitions |1 − |3 and |1 − |4 , − → E 2 (t) with the transitions |2 − |3 and |2 − |4 . The V 2 term can be written:
with d = J e ||D||J g / √ 2J e + 1, J e , J g the total electronic angular momentum quantum numbers of the excited and ground states, respectively. The c ij coefficients are the Clebsch-Gordan coefficients such that i|D|j = d ij = c ij d; their values for alkali-metal atoms are given in appendix 4E of [29] . In the rotating frame V 2 becomes V 2 [30] :
with:
In the rotating wave approximation we get:
The same calculation leads to:
Dark States
The dark state, when it exists, is a linear superposition of the two ground states: |dark = a|1 + b|2 . It must satisfy:
Substituting V 1 and V 2 by their expression in (17) , (16) , it comes:
where the first (second) equation holds for coupling with the |3 (|4 ) excited state, respectively. A dark state common to the two Λ schemes exists when the following condition is satisfied:
We consider the Cs D 1 line. The |1 and |2 states are the ground states |F = 3, m = 0 and |F = 4, m = 0 , respectively, with F the hyperfine quantum number. The states |3 and |4 are the states |F ′ , m = −1 and |F ′ , m = +1 , respectively of the 6 2 P 1/2 excited state hyperfine level
. The Clebsch-Gordan coefficients are such that:
These relations are valid for the D 1 line of all alkali-metal atoms, but not for the D 2 line. The dark states corresponding to the transitions towards |3 and towards |4 are:
Note that when θ = 0 and E 1 = E 2 the dark state |dark 3 for the transitions with |3 is the bright state for the transitions with |4 , and vice-versa. In this case, no CPT effect occurs. According to (20) and (21) a common dark state exists when e i2θ = −1, i. e.:
where k is an integer. The common dark state is then:
i.e., |dark = 1
It is worth to note that, according to relations (21) , this dark state is also common to transitions involving the two excited levels of the D 1 line of alkali-metal atoms, of hyperfine number (F ′ = I − 1/2) and (F ′ = I + 1/2) with I the nuclear spin quantum number, as already reported in [31] . This means that in a vapor cell where the optical transitions are broadened by Doppler effect and buffer gas collisions, the dark state built with an optical transition is not destroyed by the coupling with the other hyperfine excited level.
∆m = 2 transitions
Double Λ schemes as PPOP or lin⊥lin induce two single Λ transitions corresponding to ∆m = 2 [19, 32] . These transitions are enabled by the coexistence of σ + and σ − polarized light. They are those created in lin||lin configuration [24] . One transition couples the states |F = I − 1/2, m − 1 and |F = I + 1/2, m + 1 , and the other one the states |F = I + 1/2, m − 1 and |F = I − 1/2, m + 1 . For simplification, these states are labeled |1 ′ , |2 ′′ , |2 ′ , |1 ′′ , respectively. Calculations lead to the dark states expressions:
where the c ij coefficients are the Clebsch-Gordan coefficients defined above. These dark states are independent and exist whatever the value of θ. The corresponding CPT resonances split by increasing the magnetic field value. Unlike previous dark states, these dark states are not common to both excited hyperfine levels of the D 1 line. Cs atoms in these states are not fully uncoupled from the laser field because the transitions towards other excited Zeeman sublevels remain.
C. Absorption
An analytical calculation of the light propagation in a medium of four-level atoms in a double Λ configuration has been performed by Korsunsky and Kosachiov [33] . This was realized in the particular case corresponding to the D 1 line of an alkali-metal atom with E 1 = E 2 , at resonance. Following their calculation it is more convenient to use Rabi frequencies rather than field amplitudes, with Ω ij = |d ij E ij |/ , where E ij is the amplitude of the field component coupling the atomic states |i and |j . At the steady-state the absorption of the Rabi frequency along the cell length z is governed by:
where n d is the density of involved atoms, ω ij is the Bohr angular frequency between |i and |j , ρ ij is the optical coherence in the rotating frame, ε 0 is the vacuum permittivity, c the speed of light and the Plank constant divided by 2π. From the expression of the steady-state optical coherences density matrix elements imaginary part established in [33] , it can be shown that the absorption phenomenon along z can be described at low saturation Ω ij ≪ Γij by:
with Γ ij the relaxation rate of the population |i towards |j , γ 2 the hyperfine coherence decay rate and d ij = |d ij |e iηij . Φ is a relative phase given by:
with β ij = ϕ ij + η ij the sum of the laser phase ϕ ij and the phase of the atomic dipole moment η ij . Using Eq. (3), (4) , and (28) it comes:
According to (21) the phases η ij are equal to 0 or π, so that (η 31 − η 32 ) − (η 41 − η 42 ) = π. From (28) and (8) we get:
For the D 1 line of alkali-metal atoms, the |d ij | (and the Γ ij ) coefficients are equal for the different involved atomic states. We note Γ 1 = Γ ij . With a good approximation, we consider that ω 31 = ω 41 = ω 32 = ω 42 = ω eg because the optical angular frequencies ω ij are very close. Consequently, we define the same absorption coefficient α d for the four laser fields such as:
In a Cs vapor cell, most atoms are not involved in the CPT resonance because of the presence of other Zeeman sublevels for which the Raman detuning is too large. However, these atoms contribute to the laser light absorption because the related optical transitions remain at resonance. In order to take into account this additional absorption we add an absorption coefficient α ij , corresponding to the absorption of the laser beam of intensity I ij , related to Ω ij by I ij = ǫ 0 c 2 Ω 2 ij /2d 2 . I ij corresponds to an angular frequency ω 1 or ω 2 and a polarization σ − or σ + . Using I ij , α d , α ij the equation (31) becomes:
The last term of (33) is the linear absorption expected for a closed system in a dark state (α ij = 0, cos(θ) = 0) [33, 34] . The solution of (33) is:
where I ij (0) is the beam intensity at the cell input (z = 0), we recall that we have assumed that all the partial intensities are equal, I ij (0) = I 0 /4 with I 0 the full laser intensity at the cell input. For reasons of symmetry the absorption coefficients α ij of the beams σ + and σ + are equal. However, the absorption coefficients are different for the beams of angular frequencies ω 1 and ω 2 , depending on the ground state hyperfine level involved. The full transmitted laser intensity is given by the sum of the four intensities: I t = I ij . In the usual conditions of an alkali-metal vapour cell filled with buffer gas and for usual laser intensities, we assume that γ 2 is sufficiently weak (Ω 2 ij ≫ Γ ij γ2) and the transmitted total laser intensity can be simplified as follows:
where the subscript 1, 2 holds for the angular frequencies ω 1 , ω 2 . When cos(θ) = 0, atoms involved in the dark state become fully transparent and eq. (35) reduces to the well-known Beer-Lambert law. Note that the model of [33] is valid for a four-level atom and equal laser intensities. Here we have many levels and, even if the laser intensities are equal at the input of the cell, as the absorption coefficients due to other levels are different for the two frequencies, the laser intensities equality will not be valid after propagation inside the cell. Fig. 2 shows the experimental set-up used to detect high-contrast CPT resonances in Cs vapor cells using Push-Pull Optical Pumping. The setup is divided in four main basic blocks defined as the laser source, the optical sidebands generation, a Michelson interferometer to produce two orthogonally polarized beams with a phase-delay between them [14] and the Cs vapor cell physics package. These blocks are described in detail in the following.
III. EXPERIMENTAL SET-UP
The laser source is a 1MHz-linewidth DFB diode laser (Eagleyard EYP-DFB-0895) tuned on the Cs D 1 line at 894.6 nm [35] . The laser frequency is shited fro Cs atom resonance by about 4.596 GHz. The laser light is injected into a 20 GHz bandwidth polarization maintaining (PM) pigtailed Mach-Zehnder electro-optic modulator (MZ EOM, Photline NIR-MX800-LN). CPT sidebands are created by driving the EOM with a low noise 4.596 GHz microwave signal generated by frequency division from a 9.192 GHz frequency synthesizer [36] . The 4.596 GHz signal power is actively stabilized by detecting a fraction of the microwave power with a Schottky diode detector and comparing the resulting output voltage to a ultra-stable voltage reference (LM399). An error signal is generated and processed in a PI controller to send a correction voltage to a voltage-controlled attenuator at the output of the synthesizer. In the locked regime, microwave power fractional fluctuations are measured to be 1 × 10 −3 at 1 s integration time and better than 1 × 10 −5 at 10000 s. Absolute phase noise performances of the synthesizer at 9.192 GHz were measured to be − 65 dBc/Hz and − 113 dBc/Hz at 1 Hz and 2 kHz offset frequency respectively, in good agreement with performances of frequency-multiplied state-of-the-art quartz oscillators [37] 
The transfer function operating point of a MZ EOM is known to drift because of temperature variations, photorefractive effects [38, 39] and aging. In our experiment, the EOM is stabilized at the mK level using a temperature controller described in [40] to a value where the EOM power transmission sensitivity to temperature variations is canceled at the first-order [41] . Moreover, we implemented an original microwave technique to stabilize the operating point of the MZ EOM at the exact dark point where the optical carrier is suppressed. This method is based, as shown on Fig. 2 , on the photodetection of the optically carried 4.6 GHz microwave signal, subsequent synchronous detection with a microwave mixer and active feedback control applied to the EOM dc electrode bias voltage V bias . Fig. 3 shows versus the voltage V bias the first-order optical sidebands power (measured with a Fabry-Perot interferometer), the power of the 4.596 GHz optically carried signal detected at the output of the EOM with a fast photodiode, the voltage V m at the output of the mixer and the CPT signal height. For V bias ≃ 3.1 V, the first-order optical sidebands power (a) is maximized while the optical carrier power is minimized. It is then clearly observed that the mixer output voltage (c) exhibits a sharp zero-crossing point that can be used for EOM stabilization. In real experience, a microwave mixer with a ultra-low intrinsic offset output voltage is finely selected to prevent to be slightly shifted from the exact dark point. For V bias ≃ 3.1 V, the CPT signal height (d) is maximized while the CPT signal dc background is minimized, maximizing the CPT resonance contrast. Note that we observe that the mixer output voltage is also nulled in case where the optical sidebands power is minimum while the optical carrier is maximized. In this configuration (V bias ≃ 6 V in this example), the CPT signal and contrast is greatly reduced. These last results confirm the necessity to stabilize actively the EOM bias point to the exact dark point for this application. Additionally, the presence of the optical carrier could also induce in clock applications other critical issues such as light shift phenomena [42] [43] [44] [45] . Fig. 4 reports the 4.6 GHz optical beatnote power versus time in respective cases where the servo loop is activated or not. In the free-running regime, the carrier suppression is degraded by about 17 dB in 3000 s. In the stabilized regime, the relative carrier power fluctuations are less than 5 × 10 −3 after 1000 s integration time. Relative power fluctuations at the output of the EOM are reduced by a factor 100 in the stabilized regime.
At the output of the EOM, the modulated light beam of fixed linear polarization passes through a half-wave plate. The incident beam is divided in two sub-beams in the two arms of a Michelson interferometer. A quarter-wave plate is placed in each arm. A fine adjustment of both quarter-wave plates and the half-wave plate allows to obtain at the output of the polarizing cube two superimposed beams of equal intensity, linearly polarized at right angle, and differing by a phase delay. A mirror, mounted on a micrometric translation stage, allows to tune the time-delay. A displacement of the mirror of λ 0 /4, one quarter of the clock transition wavelength, induces a differential optical path ∆ℓ = λ 0 /2, and shifts the intensity peaks of the beat-note on one beam by half a hyperfine period with respect to the peaks of the other beam. A last quarter-wave plate ensures that the output beams are circularly polarized, rotating in opposite directions.
The laser beam passes through a Cs vapor cell. The cell is temperature-stabilized at the mK level and surrounded by a static magnetic field parallel to the laser beam direction in order to lift the Zeeman degeneracy. The cell is isolated from external electromagnetic perturbations with a double-layer mu metal shield. Three different cells, named Cell 1, Cell 2 and Cell 3, were tested. Their main characteristics are reported in Table I . The temperature of each cell is set in order to maximize the CPT signal (see Table I ). The cell 1 is microfabricated cell realized according to the process described in [46] and studied in [47] whereas cells 2 and 3 are glass-blown cm-scale pyrex vapor cells. The transmitted optical power through the cell is detected by a low noise photodiode.
IV. CPT RESONANCES
A. Push-pull CPT signal The theoretical signal, given by Eq. (35) with θ = 2π(x − x 0 )/λ 0 , can be written:
with S is the transmitted power, S max the signal at CPT resonance maximum and L the cell length. The dashed curve is a fit of experimental data with α d and x 0 the adjustable parameters. The agreement is not good. The solid line on Fig. 5 is a fit of Eq. (36) with an additional background. Surprisingly, the agreement is found to be very good. Nevertheless, the fitted value of the background is significant and very close of the off-CPT resonance signal. We have no explanation for this and Eq.(36) with a background added can be considered as a phenomenological model. In our experimental conditions, the last term of Eq (34) is negligible and can not explain the disagreement between the theoretical expression and experimental data. At the opposite, the latter could be explained by an oversimplification of our model developed in section II C. Indeed, our model is based on analytical expressions from [33] calculated for a closed four level scheme whereas in our experience, atoms can circulate on the 16 Zeeman sublevels of the ground state. At CPT resonance (θ = π/2), a significant part of the atoms are pumped in the dark state. When θ deviates from π/2, a growing part of these atoms leaks towards other sublevels by absorption and spontaneous emission. Then, the atomic population of the states involved in the dark state decreases. This implies that the absorption coefficients (1) and (2) respectively. For low static magnetic fields, adjacent peaks from ∆m= 2 transitions are not resolved. When the static magnetic field is increased, resonances (1) and (2) move apart the clock transition with opposite directions. We measured a sensitivity of − 1141 Hz/G + 26 Hz/G 2 and + 1125 Hz/G + 24 Hz/G 2 for the frequency splitting ν (1) − ν 0 and ν (2) − ν 0 respectively, that is in reasonable agreement with theoretical values ν = ±1116.5 Hz/G +27 Hz/G 2 . As expected by calculations, we observed that the amplitude of the neighboring ∆m= 2 transitions resonances does not change with the mirror position. Compared to the clock transition, the relative amplitude of the ∆m= 2 transitions was measured to be 6% in the experimental conditions of Fig. 5 . Note that the presence of these ∆m= 2 transitions induces a broadening of the CPT clock resonance and can cause a supplemental sensitivity to the static magnetic field.
Figs 7(a) and 7(b) show a Zeeman spectrum obtained in the cell 2 with classical circular polarization and PPOP, respectively, for identical total incident laser intensity. It is clear that most of the atoms are lost in extreme Zeeman sublevels with circular polarization. At the opposite, the number of atoms that participate to the central clock transition is greatly favored with push-pull optical pumping. In this case, the Zeeman spectrum is found to be well symmetrical and the clock resonance contrast is here 5.5 %. Fig. 8 shows that extremely high contrasts can be obtained in the cell 3 by operating with high laser intensity. In this case, a CPT resonance with a contrast of 78 % is detected with a laser beam diameter of 6 mm. To our knowledge, this value is among the best contrasts ever measured on a CPT resonance.
B. PPOP potential for atomic clocks
This section is devoted to report the characterization of CPT resonances with PPOP in view of application to frequency standards. From [14] , it is noted that push-pull optical pumping operates correctly only if alternating polarizations are used and if the time-averaged optical pumping rate Γ p greatly exceeds the ground-state relaxation rate γ 2 . This condition is fulfilled for the three cells of different size shown in Table I . Figures 9, 10 , 11 display the linewidth, contrast and linewitdh-contrast ratio versus the laser intensity for the cells 1, 2 and 3 respectively. As expected and already observed for single Λ schemes [48] , the linewidth increases with higher laser intensity. For all the cells, the CPT linewidth-laser intensity dependence is well fitted by a linear function and is measured to be (0.21 I+ 1.32) kHz, (0.19 I+ 0.59) kHz and (0.058 I+ 0.42) kHz for the cells 1, 2 and 3 respectively (I is the laser intensity in µW/mm 2 ). The resonance contrast increases with higher laser intensity because of increased optical pumping rate. This behavior is similar to the one reported in [14] . For a laser intensity of 30 µW/mm 2 , the contrast is measured to be 4.7 %, 10.2 % and 45 % for the cells 1, 2 and 3 respectively. For the cell 1 (microcell), the maximum contrast is measured to be about 6 %. This value is only 2-3 times higher than the contrast obtained with classical circular polarization. The linewidth-to-contrast ratio is minimized for laser intensities of about 3, 5 and 30 µW/mm 2 for cells 1, 2 and 3 respectively. The experimental values of the linewidth-to-contrast ratios allow us, by combining Equations (1) and (2), to foresee the corresponding shot-noise limited short term frequency stability of an atomic clock. Results are shown on Fig. 12 as a function of the laser intensity for the different cells. Clock resonance key parameters (∆ν, C, P out ) are extracted from experimental data. We note for all cells an improvement of the clock frequency stability with increased laser intensity until a plateau after which the clock stability slightly degrades. The optimum laser intensity I opt for best stability performances is measured to be 1-2, 10 and 33 µW/mm 2 for the cells 1, 2 and 3 respectively. For the longest cell (cell 3), only taking into account photon shot noise, the expected clock short-term frequency stability is close to 2 × 10 −14 for a laser intensity of 33 µW/mm 2 . This value is about one order of magnitude better than frequency stability performances of state-of-the-art vapor cell frequency standards [49] .
V. DISCUSSION
CPT physics is typically of relevant interest for the development of low power consumption chip-scale atomic clocks [50] . Such miniature clocks are based on microfabricated alkali vapor cells (similar to the cell 1 for example) that need to be filled with a high buffer gas pressure to obtain narrow resonances through the Dicke effect [51] . In this study, a poor efficiency gain of the PPOP technique to detect high-contrast CPT resonances was obtained in the microfabricated cell (cell 1). PPOP was found to be more efficient to obtain high contrasts when the cell dimensions are increased. This can be mainly related to two parameters. At CPT resonance, according to Eq. (34), the signal decreases with increased hyperfine relaxation rate γ 2 , which is one order of magnitude larger in mm-sized cells. Out of CPT resonance, the background signal is governed by the absorption coefficient which varies as the inverse of Γ, the width of the optical transition, which is also larger in small cells due to a higher buffer gas pressure. We can then expect for small cells, a smaller signal at resonance and a higher background signal out of resonance, which leads to a comparatively smaller contrast. Nevertheless a full numerical calculation would be needed to explain this behavior. In other words, this study suggests that optimized CPT pumping schemes such as PPOP or lin ⊥ lin can not be used efficiently to improve the performances of chip-scale atomic clocks, but are very promising for more conventional atomic clocks using cm-sized cells. Similarly to the use of circularly polarized light, we measured with PPOP that high contrasts are achieved by increased laser power at the expense of laser power broadening of the clock transition. To circumvent this issue, PPOP could be associated with a pulsed Ramsey-type interaction [18, 19, 52, 53] .
To summarize, we reported a basic theoretical analysis on push-pull optical pumping in Cs vapor cells. Analogies between the PPOP and the lin ⊥ lin technique were pointed out. Conditions of dark states existence and absorption calculations were reported and detailed. We developed an experimental system combining a single diode laser, an external Mach-Zehnder electro-optic modulator and a Michelson interferometer to detect high-contrast CPT resonances in Cs vapor cells filled with buffer gas. We compared Zeeman spectra detected in a buffer gas-filled Cs vapor cell using standard circular polarization and PPOP to verify that the latter allows to pump an increased number of atoms in the 0-0 clock transition. We evaluated the impact on the CPT 0-0 resonance of the laser intensity for three different cells, including a microfabricated cell. Contrasts up to 78 % were achieved in a 5 cm-long and 2 cm-diameter Cs-N 2 -Ar cell. We pointed out that the efficiency of the PPOP technique to detect high-contrast CPT resonances is greatly reduced when the cell dimensions are strongly reduced. We proposed the combination of PPOP with pulsed CPT interaction for the development of high-frequency stability atomic clocks. (1', 1, 1" and 2', 2, 2") . The clock transition is the 1 ↔ 2 transition. The excited state is represented by 3 Zeeman sublevels (3, 0, 4). The laser fields of amplitude E 1 (E 2 ) and of angular frequency ω 1 (ω 2 ) are represented by arrows issued from the (1)( (2)) levels, respectively. δ = (ω 1 − ω 2 ) − ω 0 is the Raman detuning, with ω 0 the angular frequency of the clock transition. (a): Λ scheme with circularly polarized beams (σ + ), (b): double Λ scheme with push-pull or lin ⊥ lin interaction. Push-pull interaction uses two bi-chromatic laser fields circularly polarized in opposite direction (σ − and σ + ), one beam is phase delayed with respect to the other. In lin⊥lin interaction, the two monochromatic beams are linearly polarized (σ) at right angle. Dotted lines represent two single Λ built by ∆m =2 transitions induced by the double Λ scheme. 
